From the entropy argument for the dS swampland conjecture which connects the Gibbons-Hawking entropy bound with the distance conjecture, we find the entropic quasi-dS instability time given by 1/( √ ǫH H) log(m Pl /H) as the lifetime of quasi-dS spacetime. It depends on the slow-roll parameter, and contains the logarithmic factor log(m Pl /H) which can be found in the scrambling (or decoherence) time as well. Such a logarithmic factor enhances the geodesic distance of the modulus from the mere Planck scale, and also relaxes the bound on m 2 Pl ∇ 2 V /V .
INTRODUCTION AND SUMMARY
Over the last decade, various quantum gravity constraints on the low energy effective field theory (EFT) have been conjectured under the name of 'swampland program' (for a review, see [1, 2] ). Whereas these conjectures are motivated by string theory model building, it was soon realized that some of them are supported by more generic quantum gravity argument, and even connected with each other. In the recent de Sitter (dS) swampland conjecture [3] , for example, the instability of dS spacetime was argued [4] based on Bousso's covariant entropy bound [5] and the distance conjecture [6] . More concretely, the distance conjecture tells us that as a modulus traverses along the trans-Planckian geodesic distance, towers of states descend from UV, resulting in the rapid increase in the entropy. However, the entropy cannot exceed the Gibboons-Hawking entropy bound S GH = πm 2 Pl /H 2 [7] so once the entropy saturates S GH we expect that it soon decreases. This resembles the negative temperature system, in which the entropy density is maximized at some finite energy density [8] . Such a feature of the entropy is realized by taking an ansatz S = N p (H/m Pl ) q with p > 0 and q + 2 > 0. From this, we impose the condition S S GH , or
where both N and H depend on the modulus φ. By varying this with respect to φ we obtain the bound at the saturation [4] (see also [9] ),
which can be rewritten as the bound on
Hence the increase rate in N , (m Pl /N )(dN/dφ) of order one as postulated by the distance conjecture is compensated by the order one decrease rate in H, ǫ H ∼ O (1) .
The entropy argument above shows that quasi-dS spacetime satisfying ǫ H ≪ 1 is allowed by quantum gravity only for the sub-Planckian geodesic distance ∆φ over which UV degrees of freedom are heavy enough to decouple from EFT. If the energy density is dominated by the concave downward potential such that ǫ H gradually increases from zero as the potential height decreases, φ slow-rolls down from the top of the potential (ǫ H = 0) until ǫ H saturates the bound ǫ c . Then the period of slowroll can be interpreted as a lifetime of quasi-dS spaceimte, which we will call the 'entropic quasi-dS instability time', t edS . When we identify φ with the inflaton in the early Universe, t edS corresponds to the period of the inflation.
Indeed, we can find various characteristic time scales concerning perfect dS spacetime (ǫ H = 0), just like the Compton wavelength or the classical radius of electron in quantum electrodynamics. The most evident one might be the horizon size, H −1 . It is also interpreted as the 'classical break-time' after which the linearity is no longer a good description for the metric fluctuation, graviton [10] . On the other hand, the non-linear self-interaction between gravitons eventually deforms the (minimal uncertainty) coherent state, which becomes apparent after the 'quantum break-time' m 2 Pl /H 3 [10] . In addition, motivated by the black hole thermodynamics, we find the 'scrambling time', the time scale for the internal quantum state to evolve into the mixed state [11, 12] , given by (1/H) log(m Pl /H). If dS sacetime lives shorter than the scrambling time as conjectured in [13] , trans-Planckian mode cannot escape the horizon, and the past lightcone of dS states within the stretched horizon cannot decouple from the initial hypersurface [14] . Since it takes the scrambling time for the super-horizon graviton modes to lose their quantum nature through the interaction with the sub-horizon modes [15] (see also [16] ), the scrambling time is also called a decoherence time scale.
For quasi-dS spaetime, there are more time scales which depend on ǫ H . The non-zero ǫ H parametrizes the spontaneous breaking of dS isometry, from which the trace part of the metric fluctuation becomes physical by absorbing the inflaton fluctuation [17] (see also [18, 19] ). The decoherence time scale for such a 'curvature perturbation' is given by ( [20] , in which the ǫ H dependence comes from the coupling between suband super-horizon modes given by ǫ H (H/m Pl ) 2 . The entropic quasi-dS instability time presented in this work provides another logarithmic time scale, reflecting variation of ǫ H during the slow-roll of the inflaton.
THE ENTROPIC QUASI-DS INSTABILITY TIME
To obtain the entropic quasi-dS instability time, we consider the inflaton slowly rolling down the concave downward potential, in which ǫ H at initial time t i is negligibly small. Let the bound (1) is saturated at t f , such that ǫ H (t f ) = ǫ c given by (3) . we also take an ansatz for N as [4] ,
We assume here that N 0 is almost constant,
To make the physical meaning more clear, we define the 'time average' over the entropic quasi-dS instability time
Then we have the simple expression,
from which we obtain
Here H f ≡ H(t f ) and H f ≪ m Pl is assumed for the last equality. Putting this into (7), we obtain
That is, unlike the naive expectation, ∆φ is not simply of order of m Pl but enhanced by the factor log(m Pl /H 
Rewriting this in terms of dimensionless quantities Another consequence of the logarithmic enhancement in ∆φ is the relaxation of the bound on m 2 Pl ∇ 2 V /V . In the refined dS swampland conjecture [4, 21] , it was pointed out that the mere order one bound on m Pl ∇V /V , or equivalently ǫ H ∼ O(1) in the case of slow-roll approximation is not sufficient to describe the dS instability. As we have seen, the entropy argument implies that quasi-dS spacetime can exist until the entropy saturates S GH [4] . For dS spacetime to be unstable, we need an additional condition that even though the existence of the point φ 0 at which the potential is flat (∇V (φ 0 ) = 0) is not excluded by quantum gravity, spacetime immediately deviates from dS by having m 2
In the case of the concave downward potential, the absolute value m 2 Pl |V ′′ |/V at the top of the potential (at φ 0 ) can be estimated by considering the change in V ′ over the
where V = 3m 2 Pl H 2 is used. Hence the logarithmically enhanced ∆φ indicates that the slope increases from zero to ǫ c more moderately allowing the smaller m 2
Pl |V ′′ |/V . Especially, for the Higgs or the axion potential, m 2 Pl |V ′′ |/V is maximized at φ 0 so (11) can be the lower bound on m 2 Pl (|V ′′ |/V )(φ 0 ), which can be smaller by the enhanced ∆φ.
DISCUSSION
In the presence of the horizon with the radius 1/H, the quantum fluctuation becomes classical after its wavelength stretches beyond the horizon. If the period of the inflation is long enough, even the trans-Planckian modes escape the horizon at the late stage of the inflation, then we may need an unknown new physics for the complete description [22] . Recently proposed trans-Planckian censorship conjecture [13] avoids such a difficulty by requiring that dS lifetime is shorter than the scrambling time, (1/H) log(m Pl /H). Regarding the entropic quasi-dS instability time, since ǫ H < O(1) until just before t edS , we have √ ǫ H H < H so t edS is typically longer than the scrambling time, unless ǫ H rapidly departs from zero. Hence whereas the frequency of the mode outside the horizon has an upper bound by the finite quasi-dS lifetime t edS , it would be trans-Planckian.
Since (a f /a i ) = exp[ H t edS ], from the condition
the maximal frequency ω max is given by
This indicates that if √ ǫ H H ≪ H , ω max is much larger than m Pl .
While the entropic quasi-dS instability time does not resolve the trans-Planckian problem, it is consistent with the complementarity. This was shown in [14] , where the dS analogy of the black hole argument in [12] was considered. More concretely, when the traveler A escapes the horizon at t esc and sends more than one bit of information after ∆t, the true vacuum nucleated in dS spacetime can receive it and have a duplication of information that originally A had. This can be circumvented when the true vacuum is nucleated sufficiently late such that the comoving size of the true vacuum bubble is smaller than the comoving distance between the positions of A at t esc and at t esc + ∆t. Then the time interval ∆T between the true vacuum nucleation and the escape of A is bounded by [14] ∆T 1
If we naively apply ∆t ω −1 max , from (13) , we obtain ∆T t edS . However, the holographic principle tells us that the amount of information that the traveler can send during ∆t is larger than m 2 Pl ∆t 2 and for it to contain more than one bit, log 2, ∆t m −1 Pl should be satisfied. Hence the scrambling time (1/H) log(m Pl /H) becomes the natural bound on ∆T and since t edS > ∆T , the true vacuum cannot have a duplication of information. In the case of trans-Planckian censorship conjecture, on the other hand, the complementarity issue is trivially resolved since the horizon collapses even before the quantum fluctuation becomes the mixed state such that meaningful information is produced [23] . We note that the premises of the complementarity is now under doubt [24] so the consideration above may not be relevant to the correct quantum gravity description. The implication of discussions in [24] to the thermodynamic argument connecting the distance-and dS swampland conjecture, as well as the trans-Planckian issue can be the possible direction for the future studies.
Finally, we point out that whereas the entropy contribution S = N p (H/m Pl ) q (q > −2) from the descending UV degrees of freedom is an ansatz, the inequality in the form of N m (H/m Pl ) n < 1 (n, m > 0) which can be found in (1) is quite generic. For example, the one loop correction to the Planck mass, or equivalently, the Newtonian constant is proportional to the number of particle species in the loop, resulting in the bound on the cutoff Λ satisfying N (Λ/m Pl ) 2 < O(1) [25] . Such a bound on Λ depending on N particle species can be justified by the black hole argument as well [26] , or applying the second law of thermodynamics to the Hubble entropy bound [27] . Since H is the natural cutoff scale of dS spacetime, these arguments give the inequality N (H/m Pl ) 2 < O(1). The distance conjecture states that N as well as H depend on the modulus φ, and the entropic quasi-dS instability time obtained from this is interpreted as a time scale after which the EFT description on which the argument is based is not valid.
CONCLUSION
The entropy argument for the dS swampland conjecture in [4] explains the instability of quasi-dS spacetime by connecting the geometric entropy bound with the distance conjecture. In this work, we point out that the argument above provides the entropic quasi-dS instability time as the lifetime of quasi-dS spacetime. It has a logarithmic enhancement factor log(m Pl /H), resulting in the enhancement of ∆φ and relaxation of the bound on m 2 Pl ∇ 2 V /V at the top of the potential, which were not manifest in the naive estimation. The same logarithmic factor appears in the scrambling time, which has the entropic origin as well. Such a connection between the entropy and characteristic time scales of (quasi-)dS spacetime implies that the features of quantum gravity which are not reflected in the background geometry can be explored in the thermodynamic language.
